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0. ABSTRACT 
It will be discussed that it is quite helpful to model a rigid 
mechanical object not just by an I-type element, but by a mul- 
tiport of which some ports are also of the C-type. This alter- 
native representation emphasizes the role of the displacement 
variable in mechanical systems and allows easier modeling of 
mechanisms or colliding objects and easier access to position 
information for display of results and animation. 
1 .  INTRODUCTION 
1.1. Background 
A natural representation of a model that can be used for 
analogue simulation is a sketch of the interconnection of the 
components of an analogue computer that perform basic 
mathematical operations on the signals, like addition, multipli- 
cation and integration. This has become known as a block dia- 
gram. Graphical representation of the building blocks of ana- 
logue computing has led to a wide-spread use of block-diagram 
representations, also outside the field of analogue computing. 
Problems are often solved in terms of parts with certain func- 
tional (signal) behavior, not directly in terms of physical be- 
havior itself. In case a problem has occurred due to a functional 
error, this is a legitimate approach, but if the problem occurs 
due to the fact that relevant behavior of a component in a spe- 
cific situation is dynamically richer than the functional repre- 
sentation of its dominant behavior, this approach is insuffi- 
cient. In such cases, more aspects of the physical behavior of 
the components should be taken into account in order to be 
able to solve the problem. 
Secondly, many systems need multidomain models to get a 
competent description of relevant behavior. However, standard 
domain dependent formulations of dynamic behavior are often 
not compatible across domain boundaries. Although the biock 
diagram notation is domain independent in principle, it  is too 
abstract to be able to represent the incompatibilities between 
domains in such a way that they can be resolved in a straight- 
forward manner. These two insufficiencies of the block dia- 
gram notation are resolved by the use of the bond graph repre- 
sentation. 
Bond graphs [ I ]  meet the increasing need to translate physi- 
cally oriented, but domain dependent representations of ana- 
logue behavior between domains, like circuit diagrams, into a 
domain independent rcpresentation. This translation results in a 
compatible description at the level of the physical structure. 
Furthermore, a causal bond graph is equivalent with the block 
diagram of the signal structure between the computational 
building blocks of the analogue computer, which operate on 
electrical signals, albeit that some of the operations are com- 
bined in one symbol. The major advantage of using a causal 
bond graph to represent the signal structure of a model by its 
causal paths is that the physical structure is immediately and 
inevitably present. 
With the advent of digital computers, the analogue signal 
operators could be replaced by pieces of computer code, ap- 
proximating the signal operations. This is the basis of simula- 
tion platforms in which blocks of code can be coupled in a 
manner which, to the user, was similar to the connection of 
blocks in block diagrams (or the blocks of an analogue com- 
puter itself!). These simulation tools, like TUTSIM [2], 
emerged in the late sixties and early seventies and became 
widespread with the advent personal computing in the late sev- 
enties. 
Since causal bond graphs can always be expanded into 
block diagrams, the use of aliases for certain block combina- 
tions and the use of some tricks allowed almost direct input of 
simple, causal bond graphs consisting only of basic elements 
with linear constitutive equations [3, 41. With some analysis in 
terms of nonlinear block combinations at a block diagram level 
and with the user taking care that the bilateral signal approach 
was not violated, other, nonlinear and multiport elements could 
be added in a much more indirect manner. This successful 
practice of building useful models caused the widespread mis- 
understanding that the bond graph representation itself would 
be limited to simple linear systems, while block diagrams 
would be necessary to build the nonlinear parts of a model. 
This incorrect image also caused a focus on the computational 
meaning of a symbol, turning its symbolic meaning into that of 
an ‘automatic’ application to model certain components, e.g. a 
spring ‘is’ a (linear) C, a mass ‘is’ a (linear) I, an electric re- 
sistor ‘is’ an R, etc. This means that a crucial step in the mod- 
eling process is not explicitly made, viz. to check whether the 
problem context requires that the behavior of the component 
‘electric resistor’, for example, is described by its electrical re- 
sistance. 
Although it seems a natural reaction to focus on formal 
analyses which can all be classified as model transformations, 
the less formal steps of the modeling process just mentioned 
are of crucial importance to obtain a competent model. Fortu- 
nately, all kinds of model transformations are being automated, 
e.g. in 20-rim [SI and its future versions [ 6 ] ,  leaving more and 
more room for computer support at the conceptual level. This 
allows a better monitoring and heuristic support of modeling 
decisions. At the same time it requires that the modeler’s focus 
on the numerical meaning of a graphical symbol is shifted to its 
conceptual meaning. This is already supported in part by so- 
called polymorphic modeling [7], the software implementation 
of Paynter’s original idea behind bond graphs. In other words, 
the symbol does only represent the nature (type) of its consti- 
tutive relation, not a particular form like the linear instantia- 
tion. 
With this in mind it is useful to reconsider the symbols used 
in model representations in various domains. and in particuIar 
to check to what extent the use of certain symbols has been in- 
spired by earlier limitations of computer tools. This paper at- 
tempts to contribute to this important shift towards conceptual 
meaning, by reconsidering the modeling of rigid mechanical 
objects in a mechanical system at a conceptual level. 
It is not accidental that the mechanical domain has been 
chosen as a starting point: the displacement variables in mc- 
chanical systems are less analogue than the energy states of 
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other domains, due to the fact that they describe not only a po- 
tential energy state, but also the position or contiguration of a 
system in space. 
1.2. Structure of the paper 
The structure of the paper is as follows: First a short sketch 
of the current approach will be given in order to demonstrate 
the need for an alternative approach. In particular the role of 
the confusing terminology with respect to of the order of a me- 
chanical system will be discussed. Next the proposed approach 
will be described in relation to the traditional approaches. 
Furthermore. the consequences of the proposal are divided into 
advantages and disadvantages and discussed shortly. before 
some more e.rampfes are given to support this proposal. 




Figitre la: Caiisal bond graph of the drive system 
I 
lorque Oni 
Figure Ib: Common block diagram of the rtncontrolled 
system 
Figure IC: Common block diagram of the system with servo 
control 
Figure Id: Causal bond graph of the drive system with 
servo control( l a d :  processed ZO-slm inpiit) 
7. CURRENT APPROACH 
2 .  I .  Models of systems with rigid objects 
Take a description of some mechanical drive system in a 
problem context that requires study of the transient behavior. 
e.g. rotation of a load. Give it  to a system modcler using bond 
graphs and there is a large chance that he will conclude that 
this system behaves like n first order system, based on the 
causal path between I and R in Fig. I a. Give the same descrip- 
tion to a control engineer and there is a large chance he will 
cull this a secoritl onlcr system, hased on the number of st:itcs 
in a sct of state equations or the two integrators in Fig. I b or 
I C .  In case of the electrical analogue, i.e. il closed circuit with ;I 
voltage source, a coil and a resistor, i t  is quite likely that both 
will agree that this is a first order model. Who is right'? A me- 
chanical engineer is likely to agree with the control engineer. 
but the context leading to his judgment will be discussed later. 
How do we get rid of this kind of confusion of tongues'? Gen- 
erally. i t  is hard to get rid of confusing terminology. However, 
what can be done is to draw the attention of the multidiscipli- 
nary modeler to this issue by means of the notation. such that 
he may prevent the confusion. First the cause of the confusion 
is identitied. 
The physical system modeler only considers the stored an- 
gular momentum in the mechanical load as a(n energy) state. 
The control engineer considers not only the angular momen- 
tum, or rather, by assuming the moment of inertia J to be con- 
stant, the angular velocity (omega). to be a state but also the 
angular position (phi), even though the position does not influ- 
ence the dynamic behavior of the uncontrolled system 
(Fig. Ib). The likely reason for this is, that, when the control 
engineer is asked to control this system as a servo, he will 
come u p  with some sort of feedback which makes use of the 
angular position. He thus anticipates this use of the angular 
position by adding an open integration to his plant model 
(Fig. Ib). The uncontrolled system will display first order be- 
havior. If it is to be controlled as a servo system (Fig. IC). the 
comp[itational actions between displacement error and control 
torque are a combination of a term proportional with the dis- 
placement error and a term proportional with the time differen- 
tial of it. This is why this controller is known as a proponional 
and differentiating controller or PD-type controller. 
The rather elementary discourse given above emphasizes 
that the displacement variable is given the leading role in this 
perspective. Its analogue in the electrical circuit, the total 
charge supplied by or to the voltage source, is usually not 
given any attention. An  exception would be the special, fully 
analogue case that this source is a battery that needs to be 
charged or discharged to a specified charge by controlling the 
voltage. Generally though, the charge related to some electric 
current in a circuit is not given the same importance automati- 
cally as the displacement of a point in mechanical system with 
a certain velocity. This underlines that, at this point, mechani- 
cal systems are less analogue than other systems and should be 
handled accordingly. ~ 
In a bond graph model, which 
is sufficient to construct the dy- 
namic behavior of this drive sys- 
tem, the displacement is usually 
not explicitly present. Addition of 
the two signals needed as con- 
troller inputs to the bond graph 
would result in a term which is 
proportional to the velocity and a 
term which is proportiooial to 
difference between the time inte- 
oral of this velocitv and the de- 
Figure 2: Physical 
analogue of the controlled 
system 
:red position (Fig.'ld). From this perspective,-one could have 
imagined that this controller would have been called a con- 
troller with integral and proportional action or an IP-type con- 
troller. Indeed, if one wishes to simulate the behavior of the 
controlled system no differentiation is needed. The physical 
analogue of the control action is that of a spring with variable 
rest length for the position loop (the latter can be used for set- 
ting the desired position) and a resistor for the velocity loop 
(Fig. 2). The controlled (closed-loop) system thus behaves as a 
damped second order system. As long as the controller stiffness 
is low, the physical resistance of the uncontrolled system may 
suitice to keep the damping high enough to prevent periodic 
behavior. However. this phiysical analogue shows also that 3 
Fast und accurate performance may be obtained by making the 
spring stiff to obtain a fast response and to drive the system 
close to its desired position, but that this decreases the damping 
of the system by the physical resistor such that additional 
damping is required through1 the velocity loop of the controller. 
In retrospect we may now conclude that the system modeler 
using bond graphs is right in the sense that t he  uncontrolled 
system displays first order behavior and that the control engi- 
neer is right in the sense that :I servo controller changes this 
first order behavior into second order behavior due to the fact 
that the specification of the desired behavior is in terms of an 
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angular position, which can only be obtained by integration. 
He implicitly assumes that he will use feedback to achieve his 
goal. since experience has learned that feedback is necessary to 
solve these kinds of problems. However, the perspective of a 
mechanical engineer shows that the position variable does not 
even need to play a role dynamically through a control loop. 
He always assigns a position and a velocity (momentum) to 
each rigid body in a system. Just the wish to compute the posi- 
tion of a body (e.g. for display or animation purposes) already 
requires the additionai integration (Fig. I b). 
The above illustrates that perspective or context plays an 
important role in modeling and that, without a context, a claim 
that a real system 'is' first- or second order, or that the me- 
chanical load 'is' an inertia, etc., is unjustified. More impor- 
tantly. as to each real-world system a position and a configura- 
tion in space can be assigned, the mechanical domain, which is 
directly connected to spatial properties, is less analogue than 
other domains. Even when the spatial configuration variables 
do not play a direct role in the dynamic behavior as energy 
states, these position variables will almost always be relevant 
to the modeler. This is what leads to the considerations in sec- 
tion 3 in which an alternative representation is proposed for a 
rigid body. 
2.2. Displacement variable as potential energy state 
In a traditional bond graph representation the position of a 
body only becomes part of the model when some energy and 
force are associated with it and even only then when this force 
is dependent on its conjugate position, like in the case of an 
elastic connection to the fixed world by a spring. In those cases 
a C-type element is added, but only in the degenerate case 
where its rest length is zero, its state represents the position of 
the body to which i t  is attached. In all other cases there is an 
off-set. 
The elastic energy stored in the spring is a form of potential 
energy. Another form of potential energy, the gravitational en- 
ergy, does not require such a material connection. The 
gravitational force is in principal governed by the inverse 
square law, i.e. there is a proportional relation with the inverse 
square of the displacement. In other words, this force can be 
described by a C-element with a nonlinear constitutive rela- 
tion. In case of the potential energy due to gravity in the com- 
mon context of objects attracted by the gravitational field of the 
earth, the gravitational force may be considered independent of 
the position. This usually means that the C-type storage nature 
is ignored and the constant gravitational force is represented by 
a source of effort (Se). This seems to be done on computational 
grounds only, due to the historic reasons outlined in the intro- 
duction. As long as one keeps in mind that it is always useful 
to be able to see an Se element as a C-element with zero stiff- 
ness. the relation with energy storage would not be lost and the 
position information could still be present. However, it is not 
common to associate a storage variable (integral of the flow) 
with an Seelement. 
Figure 3: Position modulated trurrsforrner in bond graph of 
mechanism 
2.3. Configuration of mechanisms 
The constraints in models of rigid mechanisms (represented 
by a multiport transformer) almost always depend on the posi- 
tions of the interconnected bodies (position modulation of the 
multiport transformer). When these positions are not available 
in the form of energy states, they need to be made available by 
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.... .... 
explicit integration of .fa&..4 
velocities. which is usu- 4 -1 
ally indicated by a block 
diagram extension of the : 
bond graph (Fig. 3). 
In case of position 
dependent cons train ts, 
like in the example of a 
R 
..' 
model of colliding ob- 
jects using a switched o- 
junction, as proposed in 
181. it is also reauired to 
Figure 4: Position modulation of 
switched 0-junction in bond graph 
of bouncing objects 
have the configkition information available, independent of 
its role in the form of energy states. In the same manner as in 
the case of the rigid constraints, this configuration information 
is made available in  a bond graph by the use of integrators in 
block diagram notation (Fig. 4). 
3. PROPoSED APPROACH 
3.1. IC-element as default representation of a rigid body 
As the aim of this paper is to contribute to the shift from the 
computational meaning of (element) symbols towards their 
conceptual meaning, its key contribution is to propose to ex- 
tend the default representation of a rigid body, i.e. an I-type 
storage port, with a C-type storage port. This extension empha- 
sizes not only the importance of the body's position by making 
it explicit as a state, but also the fact that usually not only ki- 
netic but also potential energy can be associated with a rigid 
body. By making the IC-model a default, the modeler is forced 
to think about its meaning in the underlying case he has to deal 
with. The C-port may represent gravity with potential energy 
associated to it, or just information about the configuration 
with the associated potential energy being zero. Also, it may 
represent the position dependence of the kinetic energy. In fact, 
the proposed default notation was inspired by a study of the 
transformation of a rigid body in spatial motion from body 
fixed coordinates to generalized coordinates, which results in a 
multiport IC-representation, where the C-ports represent the 
fact that the kinetic energy depends on the position which re- 
sults in fictitious forces, viz. the efforts of the C-type ports [9]. 
Based on common assumptions for mechanical systems re- 
maining relatively close to the earth's surface and described in 
Cartesian coordinates, the C-port has a zero stiffness with an 
initial output equal to the gravitational force in the corre- 
sponding direction. After transformation to other coordinates, 
usually the C-port has a finite, non-linear (state dependent) 
compliance, i.e. the rigid body, seen through a mechanism, 
may act like a non-linear spring. In case of a pendulum, for ex- 
ample, the point mass 'sees' the effect of gravity through its 
mechanism (constraint) as a (nonlinear) C, thus resulting in 
periodic, second-order behavior. 
kinetic energy 
a: not dependent on position b: dependent on position 
I I\ I 
Figure 5: Proposed bond graph of u rigid body submodel 
3.2. One-dimensional motion 
Fig. 5 shows the proposed generic I-port representation of a 
rigid body in the case of linear motion or rotation around a 
fixed axis. It should be emphasized that the C-port does not 
represent any elastic behavior of the body itself, since the body 
is assumed to be rigid. 
The C-port can represent the potential energy related to 
gravity or just necessary configuration information without any 
associated force or energy (Fig ja), but may also represent po- 
sition dependence of the kinetic energy resulting from coordi- 
nate transformations (Fig 5b). Note that only in the latter case 
the I- and the C-port are coupled, which means that the nota- 
tion consists in all other cases of two one-ports connected to a 
I-junction. The instantiation of this C is never linear though. 
3.3. iMulti-dimensional motion 
The extension to the cases of planar and spatial motion is 
more or less straightforward. The number of ports of the IC 
element is simply extended in conformity with the number of 
degrees of freedom. In the most general case there will be six I- 
type ports and six C-type ports. However, due to the fact that 
spatial rotation in terms of body-fixed coordinates causes a de- 
pendency of the final state on the sequence of the rotations, the 
generalization is not as trivial as one might expect, as was 
demonstrated in [9 ] .  
If the spatial position and orientation of a rigid body is de- 
scribed in inertial coordinates, the result is unambiguous. The 
linear and angular displacements may be used as generalized 
coordinates and a two times six-port IC element may be used to 
describe its kinetic and potential energy. This again underlines 
the conceptual benefits of the proposed notation which can be 
put to work as follows. The kinetic energy will be position de- 
pendent. It is always possible to find a coordinate transforma- 
tion such that the transformed kinetic energy is not position 
dependent, quadratic in the momenta and characterized by a 
diagonal mass matrix, The kinetic C-ports related to the three 
translation ports will have zero forces after this transformation 
to body-fixed coordinates, but the C-ports related to the rota- 
tional ports will result in a residual three-port. Given that the 
transformation is such that the kinetic energy becomes inde- 
pendent of the position, this three-port cannot store any energy. 
At the same time, no dissipative effect can result from this 
transformation of a proper storage element. Without writing 
any equations, one can conclude that the only form which this 
residual three-port can take is that of a gyrator. Indeed, a de- 
composition ([IO]) of this gyrator has become known as the 
‘Euler Junction Structure’ or EJS and consists of a junction 
structure with three internally modulated two-port gyrators. 
Due to this, the 3-port gyrator has been incorrectly generalized 
in the past as a three-port modulated gyrator (e.g. [ 1 I]), while 
it is not modulated, but just has nonlinear constitutive rela- 
tions. As discussed in the introduction, it can be observed that 
the block-diagram-like realization of the (nonlinear) form of 
the constitutive relations results in this terminology, which, 
from a symbolic point of view, is incorrect. Since the EIS is an 
essential GY [ 121. it also indicates that integration of the body 
fixed angular velocities does not result in unambiguous posi- 
tion information. 
The above has been stated in words and not in terms of 
equations deliberately, in order to illustrate that proper use of 
the IC representation and some particular coordinate transfor- 
mation. can only lead to this model structure, thus showing its 
symbolic strength. Even the nonlinearity of the GY (EJS) can 
be predicted, due to the observation that it has to disappear 
when the angular velocities approach zero and the sequence of 
the infinitesimal rotations becomes unimportant. However, all 
relevant equations can be found in [9] .  
4. CONSEQUENCES OF THE PROPOSED NOTATION 
4. I .  Advantages 
The main advantage of the proposed notation is that the PO- 
sition of each rigid object is made explicitly available in the 
bond graph, independently of whether it is an energy state with 
a conjugate force that depends on it  or not. In the proposed 
form no separate signal operators are necessary to represent the 
required integration of the velocity. This means that a potential 
energy state with a conjugate force that does not depend on it, 
like a pc:ition in the gravitational field close to the earth’s 
surface. as well as a pure configuration state are always avail- 
able, in contrast with the traditional representation. 





Figure 6: Model offig. 3 in the proposed notation 
C & l +  . I  
c 4 1 - 1  
Figure 7: Model offig. 4 in the proposed notation 
This means that for whatever purpose these states are 
needed, like modulation o f  a position modulated transformer, 
modulation of a configuration dependent switched junction, or 
just animation or other forms of display, these variables are 
already present (Fig. 6 and 7) and no separate signal operators 
are needed. In computer implementations of the proposed ap- 
proach, the modulating signals or display variables can be eas- 
ily ‘tapped’ from the proposed rigid body submodels by a sim- 
ple mouse click, which illustrates the advantage of the IC- 
representation for hierarchical modeling. 
Yet another advantage of the proposed notation is that the 
modeler can immediately see that each rigid body with a flow- 
out causality adds 2 states to the number of independent state 
variables. This brings the representation more in line with the 
common approaches of mechanics. Note that if each 1-junction 
(velocity) in a mechanical system is connected to a rigid body 
with flow-out causality, the order of the system is twice the 
number of 1 -junctions: each C-type element representing elas- 
tic connections will have a state which is dependent on the 
states of the C-ports of the rigid bodies (cf. examples in section 
5) .  Even when a C-port representing a spring between body 
and fixed world is attached to the same 1-junction, both C- 
ports give useful information. even though the integrations are 
dependent. As they may have different initial conditions, in- 
formation about non-zero rest length and pretension of springs 
may be put in the model in a straightforward manner. 
4.2. Disadvantages 
A clear disadvantage is the increased drawing effort, but this 
may be supported by a graphical user interface. 
Another disadvantage may be that analogue dynamic be- 
havior is less easily recognized. because this heavily depends 
on the form of the constitutive relations. For example, a C- 
element with a monotonously increasing constitutive relation 
which forms a causal path with a (linear) inertia will result in 
some form of periodic behavior due to the Finite and positive 
differential capacitance, whereas a @-element with zero stiff- 
ness behaves like an Se element and does not result in periodic 
behavior. Yet, this may be compensated by automatic model 
transformations once the structure of the constitutive relations 
has been identified. For instance. a constitutive relation of the 
C-port which represents a position-independent gravitational 
force, can be automatically translated into an Se-type port 
when analysis of the dynamic behavior is the aim of that form 
of the model. I f  this forct: is zero. it  may be useful to auto- 
matically leave out the connection of this port, while the c 
symbol is maintained next to the I to indicate the availability Of 
position information for display or modulation, etc. However, 
i f  the force and the position are somehow related. its is useful 
to maintain both the C symbol and the port. As long as this 
kind of computer support is not available, a compromise can be 
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found by making several classes of an element in tools that 
support this, like IO-tlm [ 5 ] .  For example, the symbol RB may 
be used for the case where the conjugate force of the C-port is 
zero and the symbol RBG for the case where this force is equal 
to -mg. One may object that the causal path between the C- and 
the I-port in the proposed representation is misleading and that 
the C-port seems superfluous in many cases. However, it al- 
ways represents, whether there is a force connected to it or not, 
the position of a body, which, indeed, is always of some rele- 
vance, even though its role in a dynamic model may be that of 
an open integrator. The interpretation of the control engineer in 
the example situation sketched in section 2 has demonstrated 
this. 
Another disadvantage may be that the order of the set of in- 
dependent state equations is harder to derive, due to the fact 
that one first has to check whether or not the states of the ports 
that always get preferred causality are part of a closed signal 
loop. This disadvantage is also compensated by the possibility 
to automate this type of analysis. Furthermore, it is even an 
advantage that the modeler has to pay attention to the defini- 
tion of the order of a system, because it strongly depends on 
the context, as the discussion in section 2 has demonstrated. 
Finally, many tools have default linear implementations of 
one port C-elements. Use of the proposed notation in Fig. 5a 
may thus result in wrong models if  the  stiffness is not made 
zero. In order to prevent this, i t  is advised to make a submodel 
for a rigid body, which is beneficial anyway because it de- 
creases the drawing effort. 
5. EXAMPLE: TWO BODIES COUPLED BY A SPRING- 
DAMPER COMBINATION 
5. I .  Traditional notation 
This example will show how the common bond graph algo- 
rithm to determine the order of the set of state equations of a 
system (e.g. [ 131). can be applied to a mechanical model using 
the proposed notation. Fig. Sa shows the traditional bond graph 
of a mechanical model consisting of two masses connected by a 
spring-damper combination, while each mass is connected by a 
spring to the fixed world (reference frame). The algorithm re- 
quires a tirst pass of the causality assignment algorithm with 
preferred integral causality (Fig. Sa) and a next pass with pre- 
ferred differential causality (Fig. 8b). The number of storage 
ports obtaining preferred causality in both cases determines the 
order of the set of state equations. 
I C - r - l l b R  I 
7 f f - 
C + 1 t - - - - - 7 0 ~ 1 l - 7 C  
Figure Sa: Traditional notation in integral causality 
I C + l t - - - 7 R  I 
1 I I 
c+1t- - - - -70-1+c  
Figure Sb: Traditional notation in differential caitsality 
C 
IC C - = = l l - - - 7 R  
Figitre Sc: Proposed default notation in integral causality 
Figitre Sd: Proposed noration in differential causality 
In this example there are five storage ports, two I-type ports 
and three C-type ports. All five storage ports obtain integral 
preferred causality. This means that the number of independent 
initial conditions is five of which three are position variables. 
The number of independent initial conditions is sometimes 
called the order of the system, but since this terminology is of- 
ten used for the order of the set of state equations of the sys- 
tem, we will not use it, due to its ambiguity. 
Note that the displacements of the springs attached to the 
fixed world are usually not equal to the positions of the corre- 
sponding rigid bodies. due to non-zero rest lengths of the 
springs, which, in this system, may be such that there is preten- 
sion. In this notation it is not straightforward to put this infor- 
mation in the model, due to the fact that the position informa- 
tion is not explicitly present. 
Both I-type ports obtain preferred differential causality but 
only two of the C-type ports (Fig. 8b). In total, four storage 
ports obtain preferred causality in both cases, which means that 
the order of the set of state equations equals four. 
5.2. Proposed notation 
Fig. Sc shows the first pass of the causality assignment algo- 
rithm with preferred integral causality applied to the proposed 
bond graph of the same mechanical model and the next pass 
with preferred differential causality is shown in Fig. 8d. 
In this case there are seven storage ports, two I-type ports 
and five C-type ports. Again, all seven storage pons obtain in- 
tegral preferred causality. This means that the number of inde- 
pendent initial conditions is seven of which five are position 
variables. All seven initial conditions are physically relevant: 
they represent the initial momentum of the two bodies (2), the 
initial position of the two bodies with respect to the reference 
position (2. new with respect to traditional notation) and the 
initial displacement (extension or compression) of the three 
springs (3). 
Again, both I-type ports and two of the C-type ports 
(Fig. Sd) obtain preferred differential causality, for which de- 
liberately the proposed C-type ports of the rigid body are cho- 
sen. In total, four storage ports obtain preferred causality in 
both cases, which means that the order of the set of state equa- 
tions remains four as it should. However, the fact that the sys- 
tem has two eigenfrequencies, can not be concluded from this, 
due to the fact that the stiffness of these two C-type ports is 
zero. When this type of information is needed it is better to 
choose the C-type ports with a non-zero stiffness, i.e. the two 
springs, to get preferred causality. These show that there are 
indeed two independent eigenfrequencies in this case. The next 
variant of the example will make clear why the position C-ports 
were chosen in the first place. 
5.3. Variant of the example in traditional notation 
The example in Fig. 9 is almost the same as the previous 
one, except for the removal of the two springs between bodies 
and fixed world. In the traditional representation (Fig. 9a). 
there would be three storage'ports which would all get pre- 
ferred integral causality (three independent initial conditions) 
and of which the C-element and only one I-element would get 
preferred differential causality (Fig. 9b), leading to a second 
order set of state equations. Indeed, the dynamic behavior of 
the relative motion with respect to the center of mass of the 
total system is described by a second order system. However. it 
takes additional computations to represent the positions of the 
individual bodies in which one is usually interested. 
I C 4 1 - R  I 
f 11 f 
1-0-1 
Figure 9a: Traditional notation in integral causality 
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I C b l b R  I 
I T T 
Figure 9b: Traditional notation in differential causality 
Figure 9c: Proposed default notation in integral causality 
Figure 9d: Proposed notation in differential causality 
5.4. Variant of the example in proposed notation 
By contrast, the proposed notation sketched in Fig. 9c shows 
the additional C-ports of the rigid bodies, which also get pre- 
ferred integral causality, i.e. there are now five, physically rele- 
vant, independent initial conditions, the two new ones corre- 
sponding to the initial positions of the body with respect to the 
fixed world. All four storage ports of the two rigid bodies get 
preferred differential causality too (Fig. 9d). indicating that the 
order of ihe set of state equations generated by this graph is 
four. This is more in line with common practice in mechanics 
where a system consisting of n rigid bodies is described by a 
set of state equations of order 2n as long as there are no rigid 
constraints between the bodies. 
The traditional bond graph representation in Fig. 9a and b 
gives the useful information that the dynamic behavior is gov- 
erned by just one eigenfrequency. However, this result can also 
be obtained from Fig. 9c and d when the algorithm to deter- 
mine the number of eigenfreqencies (eigenvalues). also checks 
the number of open integrators (C-type ports with zero stiff- 
ness). ‘Manually’, this can be seen by taking into account that 
C-ports with zero stiffness do not form signal loops via causal 
paths. 
Again, the addition of open integrators which do not affect 
the dynamic behavior may seem odd when one is only inter- 
ested in getting a minimal description of the dynamic behavior, 
but the proposed approach allows the user of a modeling tool 
to treat a rigid body as an object. This object may already have 
a number of useful facilities ‘on board’ which do not necessar- 
ily always contribute to the dynamic behavior, but are often 
requested by the user. It needs no further explanation that it  is 
considered useful to have the position of a rigid body always 
available, whether it  is a necessary state variable for the de- 
scription of the dynamics or not. 
As sketched in section 2 different perspectives may lead to 
confusion about the order of a system. These above examples 
have shown that the proposed notation may be used to obtain 
these different perspectives and to understand the distinction. 
6.  CONCLUSION 
The default representation of a rigid body in a bond graph is 
generally considered to be an I-element. This paper proposes to 
replace this representation by an IC-combination, in order to 
emphasize the fact that each body has. apart from its inoinen- 
tutn. also a relevant position. The relevance of this position as 
information about the configuration is independent of its na- 
ture with respect to potential energy (gravitational, elastic, etc.) 
or kinetic energy. In this sense the mechanical domain not 
analogue to all other domains, where the energy state does not 
play this dual role. 
The examples demonstrate that the proposed notation has a 
number of advantages, the most prominent being the availabil- 
ity of the position information. as well as a number of disad- 
vantages, all of which may be compensated. or even changed 
into an advantage, by proper computer support. Equations have 
been omitted deliberatley in order to emphasize the conceptual 
meaning of the symbols, instead of the functional meaning. 
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